Phytochromes are photoreceptors that regulate many aspects of plant growth and development in response to red/far-red light signals from the environment. In this study, we analyzed chromophore ligation and photochromism of missense phytochrome mutants in the PerArnt-Sim (PAS)-related domain (PRD). Among the 14 mutants analyzed, the Gly768Asp mutant of Avena phytochrome A showed aberrant photochromism and dark reversion, suggesting that amino acid residues in the C-terminal domain affect the photochemical properties of the photosensory N-terminal domain.
Phytochromes are dimeric chromoproteins with covalently linked tetrapyrrole chromophores, and exist in two photo-interconvertible species, red-light absorbing Pr and far-red-light absorbing Pfr forms. 2) They are biosynthesized in the Pr form in the dark. This form can be phototransformed into the Pfr form upon exposure to red light. Pr-to-Pfr phototransformation of phytochromes induces a highly regulated signaling network for photomorphogenesis in plants. 3) Thus the biological function of phytochromes is based on the reversible photochromism between the Pr and Pfr form, and the photochromism is due to interactions between the chromophore and apo-phytochrome, because the photochemical and spectroscopic properties of the chromophore are profoundly influenced by the chemical environment in the chromophore-binding pocket. 4) The phytochrome molecule consists of two structural domains, a globular N-terminal chromophore-binding domain (about 65 kDa) and a conformationally open or extended C-terminal domain (about 55 kDa). The two domains are connected via a flexible hinge region. A domain swap experiment found that the N-terminal domains of phytochromes determine their photosensory specificity. 5) Thus it is known that the N-terminal domain is necessary and sufficient for photoperception and possesses the bilin lyase domain (BLD), which makes it possible for the chromophore to attach to the apo-phytochrome. On the other hand, the C-terminal domain is responsible for the regulation of phytochrome signaling, which mediates dimerization and nuclear localization. 6) In studies of the structure and function of phytochromes, many missense phytochrome mutants with abolished or reduced biological function have been reported for genetic screenings after mutagen treatment of phytochrome genes. [7] [8] [9] These missense mutations were clustered within a restricted segment of the C-terminal domain of phytochrome molecules. The C-terminal region contains the Per-Arnt-Sim (PAS)-related domain (PRD) consisting of a pair of PAS repeats (PAS1 and PAS2) and a histidine kinase-related domain (HKRD). Most missense mutations were found in the PRD. However, the molecular mechanisms of the way these missense mutations affect the phytochrome function remain unknown. In this study, we examined the photochemical properties of the known missense mutants of phytochromes.
Phytochromes in higher plants are encoded by small gene families. For example, the completed whole genome sequences of Arabidopsis thaliana and Oryza sativa contain five (PHYA to PHYE) and three (PHYA to PHYC) phytochrome genes respectively. 10) Among these phytochrome family members, the light-labile phytochrome A (phyA) and light-stable phytochrome B (phyB) have been found to play major roles in plants. Previously, many missense mutants of phyA and phyB were identified through chemical mutagenesis of Arabidopsis seeds and screening for phenotypes in light responses. [7] [8] [9] Hence, missense mutants of phyA and phyB were selected on the basis of previous studies, and their photochemical properties were analyzed in this study. We selected seven missense mutants of Avena phyA, P632S, A715V, C716Y, G727E, A732R, G768D, and E777K (Fig. 1A) . We also selected seven missense mutants of Arabidopsis phyB, P666S, A750V, C751Y, G762E, G767R, A803D, and E812K. These mutants were generated by site-directed mutagenesis using the QuickChangeÔ Site-Directed Mutagenesis System (Stratagene, La Jolla, CA), by the procedure described by the manufacturer. Missense mutant genes containing a streptavidin affinity-tag composed of 10 amino acids at the C-terminal end were subcloned into the pPIC3.5K vector (Invitrogen, Carlsbad, CA), and recombinant fulllength missense mutant proteins were expressed in the Pichia protein expression system and purified by streptavidin affinity chromatography (IBA, Olivette, MO), as previously described.
11) Phycocyanobilin (PCB) was prepared from Spirulina platensis extracts by methanolysis and used as chromophores for holophytochrome assembly, as previously described.
11) After harvesting of Pichia cells, crude extracts were prepared by breaking cells in liquid nitrogen using a homogenizer (Nihonseiki Kaisha, Tokyo, Japan). The phytochrome samples were then precipitated by adding 0.23 g/mL of ammonium sulfate and resuspended in buffer (100 mM Tris, pH 7.8, 1 mM EDTA). PCB chromophores in DMSO were then added to the samples to a final concentration of 10 mM, and the mixture was incubated for in vitro reconstitution on ice for 1 h. The 14 missense mutants selected in this study were all expressed in the Pichia expression system in sufficient amounts for photochemical analyses. After holo-phytochrome assembly with PCB, Zn 2þ fluorescence assays were conducted to assess the chromophore ligation of phytochromes. The protein samples were analyzed on a 10% SDS-PAGE gel, and the gel was then soaked in 20 mM zinc acetate/150 mM Tris-HCl (pH 7.0) for 10 min at room temperature with gentle shaking. Zinc fluorescence of holo-phytochromes was visualized under UV light (312 nm). Western blot analysis was also conducted to measure the expression levels of recombinant phytochromes using an Avena phyA-specific monoclonal antibody (oat-22) or Arabidopsis phyB-specific monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA). The results indicated that all mutants were normally ligated with the PCB chromophore (Fig. 1B) . This is consistent with a previous report that the N-terminal photosensory domain of about 400 amino acids contained the chromophore binding sites (Cys323 and Cys357 of Avena phyA and Arabidopsis phyB respectively) and that the bilin lyase domain was necessary and sufficient for chromophore assembly. 12) In the spectroscopic analysis of recombinant phytochromes, the absorption spectra were recorded using a diode array UV/VIS spectrophotometer (Varian, Santa Clara, CA) after red or far-red light irradiation. All the spectroscopic experiments were carried out under the green safety light condition, which consisted of a white fluorescent lamp equipped with a plastic filter (Rosco, Stamford, CT) containing maximal transmittance at 500 nm. A fiber optic illuminator system (Cole-Parmer, Vernon Hills, IL) equipped with 656 and 730 nm interference filters (Oriel, Stratford, CT) was used as light source. The samples were illuminated with red (8 W/m 2 ) or far-red (6 W/m 2 ) light for 5 min. A differential spectrum was obtained by subtracting the Pfr spectrum from the Pr spectrum. Using the difference spectra, the absorption maxima of Pr and Pfr ( Pr and Pfr ) and the ratios of the heights of Pr and Pfr peaks ( max / min ) were determined. Results of this analysis indicated that most missense mutants, excluding G768D of Avena phyA, exhibited similar absorption maxima to wild-type phytochromes (Table 1) . Since PCB was used as the chromophore for holo-phytochrome assembly, the absorption maxima of phyA were shorter than those of phyA with native chromophore, phytochromobilin (660 nm and 730 nm). Under our experimental conditions with PCB-assembled full-length phyA obtained from Pichia cells, the absorption maxima of wild-type phyA for Pr and Pfr forms were 654 and 716 nm respectively. More importantly, the recombinant PCBassembled G768D protein exhibited maxima for Pr at 648 nm and for Pfr at 712 nm. These maxima were blueshifted by 6 nm and 4 nm for the Pr and Pfr species respectively with respect to those of PCB-assembled wild-type Avena phyA (654 and 716 nm). Since it has been found that C-terminal truncated chromopeptides of oat phyA (45 kDa) display a blue-shifted Pr absorption maximum of about 6 nm, 13) this suggests that the G768D mutant acts as a C-terminal truncated mutant. We further investigated the ratios of the heights of the Pr and Pfr peaks ( max / min ), which can be used to represent A, Missense mutants of Avena phyA and Arabidopsis phyB used in this study. All mutations were located in the PRD of the C-terminal domain. Note that phyB has extended N-terminal and C-terminal ends (dotted boxes). B, Zinc fluorescence assays (Zinc) to assess holophytochrome assembly. Ammonium sulfate-concentrated fraction of each mutant was incubated for 1 h on ice with 10 mM PCB as chromophores. Western blots (PhyA and PhyB) were shown as loading controls.
the perfection of photoconversion. Similarly to the results for absorption maxima, most mutants showed similar values to wild-type phytochromes, whereas the G768D mutants had a significantly increased max / min ratio (2.30) as compared to wild-type phyA (1.26) ( Table 1 ). This indicates that photoconversion was not complete for the G768D mutant.
As expected from the results shown in Table 1 , the differential spectrum of the G768D mutant showed a significantly reduced Pfr peak, which resulted in an increased max / min ratio ( Fig. 2A) . This suggests that the G768D mutant has an unstable Pfr structure as compared to wild-type phyA. To confirm this, we examined the dark reversion rates of phyA. After transfer from red light to darkness, phytochromes undergo a conformational change from Pfr back to Pr, and this non-photochemical reversion (dark reversion) is thought to be a mechanism for the inactivation of phytochrome reflecting Pfr thermal stability. To investigate dark reversion, phytochromes were phototransformed from Pr to Pfr form by irradiation with red light, and the amounts of Pfr (%) were then checked at the indicated incubation times in the dark with a Varian Cary-3 Bio double beam spectrophotometer (Varian, Santa Clara, CA). In our analysis, the wild-type Avena phyA showed essentially no dark reversion, whereas the G768D displayed significant dark reversion (Fig. 2B) . To check the possibility of protein degradation during the dark reversion experiment, we also did Western blot analysis of phyA and found no protein degradation a Ratios of the heights of Pr ( max ) and Pfr ( min ) peaks in difference spectra representing perfection of photoconversion. during the measurement of dark reversion (insert box in Fig. 2B ). These results suggest that the mutation of Gly768 to Asp affected the Pfr conformation of phyA, resulting in an unstable Pfr with blue-shifted absorption maxima and an increased max / min ratio. Furthermore, we introduced the G768D mutant into phyA-deficient Arabidopsis (phyA-201) to examine the in vivo function of the mutant (Fig. 2C) . Since phyA is known to mediate seedling de-etiolation responses under far-red light, the in vivo function of phyA was analyzed by investigating hypocotyl lengths under far-red light at an intensity of 10 mmolÁm À2 Ás À1 . Monochromatic FR light with maximum fluence rate at 738 nm was produced using a lightemitting diode (LED) array in an LED incubator (Vision Scientific, Seoul, Korea), and fluence rates were measured with a Radiometer IL-1700 (International Light, Newburyport, MA) equipped with detector SED033 (#7963, International Light). While wild-type (Ler) and phyA-overexpressing Arabidopsis plants (OX13 and OX47) showed de-etiolated seedlings, the seedlings of phyA-deficient (phyA-201) and G768D-overexpressing plants showed long hypocotyls similar to those grown in the dark (Fig. 2D ). In addition, we further examined far-red fluence-rate response curves for inhibition of hypocotyl growth, and found that G768D transgenic plants showed curves similar to phyA-201 (Fig. 2E) . These results confirm that G768D was a loss-of-function mutant in plants.
In all, we performed photochemical analysis of 14 missense phytochrome mutants, and found that 13 of them had photochemical properties virtually identical to wild-type phytochromes. Thus, the molecular mechanism for the missense mutations might not be based on changes in photochemical properties but on something else. In a previous study, the E777K mutant of phyA was to display impaired subcellular localization.
14) The E812K mutant of phyB, which corresponds to the E777K mutant of phyA, produced similar results. 15) Both mutations were located in the PRD of the Cterminal domain, which suggests that this domain is important for the nuclear localization of phytochromes. Thus it is highly probable that many missense mutants in the PRD are due to defects in the nuclear localization of phytochromes. In this study, we found that the photochemical properties of the G768D missense mutant were different from wild-type phyA. The mutant exhibited faster dark reversion rates than wild-type phyA. Since dark reversion of phytochromes is closely related to their function, 16) the present results suggest that the molecular mechanism of the missense mutation of G768D is based on increased dark reversion due to an unstable Pfr conformation. To the best of our knowledge, this is the first report that a site mutant of the C-terminal domain affects the photochemical properties of the photosensory N-terminal domain. Previously, only C-terminal truncated mutants displayed photochemical properties similar to G768D. In addition, it has been shown that the N-terminal photosensory domain interacts with the PRD in a light-dependent manner, 17) which is consistent with the intramolecular interdomain crosstalk model that we proposed previously. 18) Thus the present results also provide evidence of interdomain interaction between the N-terminal photosensory domain and the C-terminal regulatory domain in phytochrome molecules.
